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I. INTRODUCTION 
The s-16 Par t i c l e  Asymmetry experiment, as o r ig ina l ly  conceived, 
involved the use of nuclear emulsion de tec tors  t h a t  were t o  be 
magnetically or iented during periods of i r r a d i a t i o n  t o  energet ic  protons 
i n  the  region of t he  South Atlant ic  anomaly. 
cancellation of the AS 205 and AAP-1A missions, each of 14-day duration, 
t he  s-16 experiment has not been performed. 
planning, fu ture  AAP-type missions are t o  be of longer f l i g h t  duration 
than 14  days, t yp ica l ly  28 t o  56 days a t  a l t i t u d e s  about 250 n m i .  
F l igh t s  of t h i s  duration and a l t i t ude  preclude the use of emulsions 
f o r  t h i s  experiment because of the excessive exposure t o  the  trapped 
p a r t i c l e s  the  emulsion w i l l  receive, making the da t a  ana lys i s  d i f f i c u l t ,  
i f  not impossible. 
However, owing t o  the 
On the  b a s i s  of present 
As an a l te rna t ive  approach for carrying out the s-16 experiment, 
we have undertaken t h i s  study t o  design and develop an "s-16" e lec t ronic ,  
s o l i d - s t a t e  counter te lescope.  
comprehensive as t o  mass, energy and angular resolut ion so  that  it can be 
employed i n  future  Apollo earth-orbital missions i n  order t o  obtain 
trapped p a r t i c l e  data t h a t  can meet the  objectives of the Pa r t i c l e  Asymmetry 
experiment. 
The fea tures  of t h i s  counter a r e  su f f i c i en t ly  
Due t o  the  cancellation of the AAP Mission, lA, we s h a l l  not 
include f e a s i b i l i t y  s tud ies  for carrying out emulsion experiments on 
missions i n  excess of 14  days as are now planned. 
of over-exposure of the emulsion de tec tors  incurred on such missions do 
not make such s tudies  par t icu lar ly  valuable. We s h a l l ,  therefore ,  
concentrate on Section B of the Statement of Work, which w a s  t he  bas ic  
The inherent d i f f i c u l t i e s  
1 -  
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objective of this study. This section of the Statement of Work is as 
follows : 
Generate conceptual design sketches and mockups describing the 
changes required to meet experiment objectives and spacecraft interfaces. 
1. Investigate feasibility of utilizing electronic sensors in 
place of nuclear emulsion. 
2 .  Determine telemetry and/or data recording requirements for 
electronic sensors. 
3. Construct a breadboard model of electronic sensor to 
demonstrate functional operations. 
-3- 
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11. THE s-16 PARTICLE A S ~ T H Y  EXPERIMENT: A STJMMARY 
The purpose of the  s-16 experiment was t o  study the spectrum and 
f lux  asymmetries i n  the  proton component of the geomagnetically 
trapped rad ia t ion  i n  the South Atlant ic  anomaly. As or ig ina l ly  conceived, 
the experiment would employ a magnetically or iented nuclear emulsion 
package t h a t  would be exposed to  the  trapped rad ia t ion  outside the  Apollo 
spacecraft  whenever the spacecraft  traversed the South Atlant ic  anomaly. 
The experiment was spec i f ica l ly  conceived f o r  an ear th-orb i ta l  mission 
such as the  Apollo. 
The pr inc ipa l  objectives of the  s-16 experiment were: 
a >  
b) 
To measure the Van Allen proton spectrum t o  as low as 2-5 MeV. 
To measure the  d i rec t iona l  d i f f e r e n t i a l  energy spectra  for 
trapped protons. 
spec t ra  t h a t  the  east-west asymmetries, hence the scale  height of the 
atmosphere, a r e  obtained. 
It i s  from the differences between the d i r ec t iona l  
e )  To measure the proton pitch-angle d i s t r ibu t ion .  An accurate 
measurement of t h i s  d i s t r ibu t ion  w i l l  y ie ld  the a l t i t u d e  dependence of 
the  f l u x  f o r  lower a l t i t udes .  
d )  To search fo r  trapped pa r t i c l e s  heavier than protons, e .g . ,  
deuterons, t r i t o n s ,  and, most important, alpha pa r t i c l e s ,  which have 
not  ye t  been observed. 
The s-16 experiment was  t o  form p a r t  of a continuing study by 
the  inves t iga tor  on the proton component of the trapped rad ia t ion  at  low 
s a t e l l i t e  a l t i t u d e s .  
t h e  AIS 205 mission, with a follow-on f o r  AAP-lA, our observations would 
have been extended t o  the  years 1968-70. Data received during this time 
Had the s-16 experiment been performed during 1-4 
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i n t e rva l  would have been par t icu lar  important t o  our basic  research 
e f f o r t  since t h i s  will be the period of maximum so la r  a c t i v i t y  when 
s igni f icant  changes i n  the trapped radiat ion are expected.' The most 
appropriate region t o  observe such var ia t ions  i s  i n  t h e  region of the 
South Atlant ic  anomaly where the  mirror-point t r a j e c t o r i e s  of the 
trapped rad ia t ion  reach t h e i r  minimum a l t i t udes .  
The bas ic  objective of the s-16 experiment w a s ,  thus,  t o  obtain 
information on the processes by which protons a re  injected,  trapped and 
l o s t  from the inner rad ia t ion  be l t ,  and t h e i r  changes during the s o l a r -  
cycle period. 
6 The emulsion experiment of Freden and White f i r s t  showed t h a t  
the penetrating components of t h e  inner  radiat ion b e l t  a r e  high energy 
protons.  They found t h a t  between 75 MeV and 600 MeV the proton energy 
spectrum w a s  of the form N(E) dE a E 
the  proton energy spectrum over similar b a l l i s t i c  t r a j e c t o r i e s  extended 
dE.  Later, measurements of -1.8 
t he  spectrum t o  as low as 12 MeV. 
proton b e l t  i s  i t s  remarkable temporal s t a b i l i t y  as t o  f lux  and energy spectra .  
Exceptions t o  t h i s  observation were made by Explorer V I 1 7  and Relay I 
experiments when changes i n  the d i s t r ibu t ion  of the inner  b e l t  protons 
were affected by magnetic disturbances. Only recent ly  have so lar  cycle 
changes been evident.' The time and a l t i t u d e  dependence (1961 through 
1.964) of the 55 MeV proton f lux  a t  low a l t i t udes ,  as observed i n  
t h e  emulsion experiments of Filz and H ~ l e m a n , ~  r e s u l t  i n  the conclusion 
t h a t  a l a rge  increase i n  the proton f lux  occurred a t  the time of 
S ta r f i sh  due t o  a redis t r ibut ion of p i tch  angles. Such an e f f e c t  may 
account f o r  an increase of a fac tor  of four i n  the flux between t h e  times 
of the Explorer Iv (1958)1° and Injun 3 (1963) 
The notable fea ture  of the inner 
8 
11 measurements. 
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Recently, improved theoret ical  calculat ions on the trapped proton 
f lux  from cosmic ray and solar  proton albedo neutron decay have been 
carr ied out by D r a g t ,  e t  al.12 and Hess and Killeen.13 
from the i r  calculat ions t h a t  only 2 t o  3 percent of the observed proton 
f lux  i s  accounted f o r  a t  high B values (low a l t i t udes ) !  The nature and 
They conclude 
strength of' the  source of the  inner proton b e l t  i s  c lear ly  less under- 
stood than was once believed. 
Since September, 1962, the invest igator ,  i n  cooperation w i t h  
G .  H. Nakano, has been carrying out a systematic nuclear emulsion study 
of the trapped protons, E > 58 MeV, over the South The 
analysis of the emulsions recovered from oriented polar-orbit ing s a t e l l i t e s  
( a l t i t udes  400 k 100 km) a f t e r  2-6 days i n  o r b i t  has yielded the  following , 
results. 
a)  The angular dis t r ibut ion of the  mirroring protons about a normal 
t o  the magnetic f i e l d  i s  approximately Gaussian with a standard deviation 
of = 7 O .  
b )  The var ia t ion  of proton f lux  vs a l t i t u d e  i s  en t i r e ly  consistent 
w i t h  atmospheric losses .  
c )  An east-west asymmetry i n  the proton f lux  has been observed 
and effect ive atmospheric scale heights calculated therefrom. These 
results are  i n  agreement with scale heights deduced from s a t e l l i t e  data. 
d )  The shape of the proton spectra  between 58 and 600 MeV has not 
changed, within the  accuracy of measurement, since 1962; -- nor, i n  f ac t ,  
upon comparison with e a r l i e r  energy spectra  measurements, since 1958-9. 
e )  The flux of 63 MeV protons has decreased by a fac tor  of 2 (as 
of January 1968) re l a t ive  t o  the flu observed during the period of 
-6- 
so la r  minimum. Such a flux change i s  consis tent  with atmospheric 
heating and, hence, density changes, owing t o  increasing so la r  a c t i v i t y .  
The parameters t o  be measured i n  an s-16 type experiment are 
l i s t e d  below. 
1) Pitch-angle Distribution 
The trapped rad ia t ion  t o  be encountered by the  Apollo ear th-orb i ta l  
missions over the  South Atlantic w i l l  be highly d i rec t iona l ,  l a rge ly  
confined t o  a plane normal t o  the magnetic f i e l d .  
t h a t  the proton mirror-point density i s  inversely proportional t o  the 
e f fec t ive  atmospheric density,  whose sca le  height, h ,  i s  constant, 
then w e  a re  able t o  show t h a t  the p i t ch  angle d i s t r ibu t ion  r e l a t i v e  t o  
the normal t o  the magnetic f i e l d  i s  Gaussian with a variance given by 
If it i s  assumed 
0 2 = $5 (2 + cos 2 I) ,  
0 
where r i s  the dipolar  radius,  and I i s  the d i p  angle of magnetic f i e l d .  
0 
A t  an a l t i t u d e  of 140 n m i  (260 km), where h = 50 k m  and I = 42' 
i n  the anomaly region,2 the calculated standard deviation of the p i tch  
angle d i s t r ibu t ion  i s  u = 6.7'. 
2 )  Directional Flux 
I n  the South Atlantic anomaly the trapped pa r t i c l e s  are close t o  t h e i r  
mirror  po in ts .  They are therefore,  moving in ,  or a t  a s m a l l  angle t o ,  
a plane which i s  perpendicular t o  the l o c a l  d i rec t ion  of 3. Due t o  
t h e  densi ty  gradient of the  atmosphere the d i rec t iona l  f l u  i n  t h i s  
plane i s  not  i so t rop ic .  
arises. 
p a r t i c l e  and i s  given by 
Fig.11-1 indicates  how an east-west asymmetry 
The asymmetry i s  a function of t he  momentum of the  trapped 
- 7- 
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-1 
jE/jw = exp [2ah cos I],  
c 
where a = pc/eB i s  the gyroradius of the trapped proton of momentum p, 
I i s  the  d i p  angle of the B f i e ld ,  and h i s  the e f fec t ive  sca le  height 
of the  atmosphere. 14 
d i p C t i Q n d  fpx ------ IIIcaDured on the sample of stopped protons 
i n  the energy range 50-160 MeV.  Fig.11-2 gives the expected values of 
j / j  E W  f o r  t h i s  energy range at an a l t i t u d e  of 140 n m i .  
3) 
Fig.11-3 i s  a geographic iso-count contour representation of the 
Proton Flux and Energy Spectrum 
omnidirectional proton f lux as deduced from time-integrated emulsion 
f lux  measurements a t  400 km a l t i t ude  and Explorer XV data t o  obtain the 
shape of the contours. These data were taken during 1$3-4, near solar 
minimum. 
10 which cross the South Atlantic during the first 24 hours. 
Superimposed on the  flux contours a r e  Apollo o r b i t s  4 through 
An 
in tegra t ion  of the proton f lux over o r b i t s  4-10 gives an estimate of 
t h e  number of protons incident on the  detector  per day. 
(215 n m i )  t he  proton f lux i s  N = 1 .4  X 10 
28’ inc l ina t ion .  A calculated result, which i s  consis tent  with our 
emulsion data,  and t h a t  of F i lz  and Holeman,lo i s  tha t  the a l t i t u d e  
A t  400 km 
6 -2 em day-’ for an o r b i t  of 
-1 
var i a t ion  of the proton flux i s  given by N 0: [rmp(rm)] , where p(r,) 
is  the densi ty  of the atmosphere a t  r and r i s  the minimum mirror- 
‘point a l t i t u d e .  the  COSPAR reference atmosphere (1961) has been used 
m’ m 
t o  evaluate t h e  da i ly  flux vs  s a t e l l i t e  a l t i t u d e .  
i n  Fig. 11-4. 
The r e s u l t  is  given 
4 )  Pa r t i c l e    ass Measurements 
Present information indicates that  an upper l i m i t ;  of = 1 percent 
-9 -  
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of the nucleonic component of the trapped rad ia t ion  may consis t  of 
p a r t i c l e s  heavier tnan protons. 
i n  the inner b e l t ,  although t h e i r  presence i s  expected. 
source of a -par t ic les  may be spal la t ion products emitted from nuclear 
in te rac t ions  between the trapped rad ia t ion  and the atmosphere. 
i s  -ihe czse, the a -par t ic le  spectrum w i l l  have an evaporation-type 
energy spectrum where few a-par t ic les  grea te r  than 40 MeV can be 
e,;pected. A 40 MeV a-par t ic le  has a range of only 0.6 mm i n  emulsion 
(equal t o  a 10 MeV proton).  
No alpha pa r t i c l e s  have been detected 
A pr incipal  
If such 
The basic  research program we have described i s  t o  study 
systematically Lhe in te rac t ion  of the geomagnetically t r q p e d  protons 
w i t h  the  atmosphere, and to  observe and measure changes i n  the propert ies  
of the trapped radiat ion as a function of  time during the solar-cycle 
period. 
the sources (albedo neutrons -- ga lac t i c  and so lar ,  d i r e c t  in jec t ion ,  
e t c .  ) and l o s s  mechanisms (atmospheric, magnetic i n s t a b i l i t i e s ,  e t c .  ) 
of the p a r t i c l e s  which const i tute  the inner radiat ion b e l t .  Such a 
study i s  appropriately carr ied out at  low s a t e l l i t e  a l t i t u d e s  i n  the 
South Atlantic anomaly. 
From studies  of t h i s  type, information w i l l  be gained about 
1. 
2.  
3. 
4 .  
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6 .  
7. 
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111. ELECTRONIC COUNTER AND PARTICLE IDENTIFICATION 
Description of Laboratory Prototype -A. 
The eight  counter telescope t h a t  was constructed f o r  t h i s  study 
appears i n  photographs, Figs. 111-1-4. It consis ts  of two physically 
separate uni ts ;  the telescope housing containing e ight  so l id  s t a t e  
detectors ,  each with i t s  separate preampiifier, an6 ail e lect i -onlc  box 
containing the amplifiers,  pulse shapers, analog-to-digital  converters 
log ic  c i r cu i t ry ,  and in te r face  c i rcu i t ry  t o  an on-line PDP-5 d i g i t a l  
computer. 
A photograph of the detector assembly i s  shown i n  Fig. 111-1. It 
consis ts  of two 300 micron thick s i l i con  diffused detectors  t ha t  are  
coaxial  with s i x  3 mm th ick  l i t h i u m  d r i f t e d  s i l i con  detectors .  Pulse 
amplitudes from a l l  e ight  detectors are  recorded f o r  every pa r t i c l e  
event. 
The de tec tor  assembly is  mounted i n  a p l a s t i c  f luo r  (- 1 cm th ick)  
which i s  cgnented t o  the face of an RCA 2 6 7  phototube. 
shows the detector  and f luo r  assemblies and the pre-amplifier e lec t ronics .  
The f luor  assembly containing the detector  f i t s  inside the c i rcu lar  
e lec t ronic  boards and the en t i re  system i s  enclosed i n  a metal housing. 
A top view of the other uni t  which comprises the bulk of the 
e lec t ronic  c i r cu i t ry  i s  shown in  Fig. 111-3. The c i r c u i t  cards, which 
a re  viewed end-on, w i l l  be subsequently described. They a re  the 
following: e ight  amplifier-converter cards, one discriminator card, 
one i n p u t  control. card, one output control card,  four  d i i ~ l  b Lnary curd:;, 
Figure 111-2 
-15- 
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Fig. 111-1. Detector  assembly 
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Fig .  111-3. V i e w  of the main body of e l e c t r o n i c  c i r c u i t r y .  
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voltages required f o r  the various circuits. 
Figure 111-4 is a front view of the electronics box. Various 
test points 8i-e available for monitoring strategic points in the 
circuitry. 
. 
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Fig. 111-4. Front view of electronics cabinet 
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B. Theory of Operation 
The system block diagram (Fig. 111-5) illustrates the basic 
electronic operation of the eight-counter telescope. Essentially, for 
each event, all signals generated by passage of a particle through 
the detectors are amplified by a charge-sensitive pre-amplifier before 
they enter the pulse shaping (0.2 ps RC) amplifier. 
acceptable (an acceptable event will be defined later), the signals 
are passed by a linear gate into an analog-to-digital converter. The 
If the event is 
A-D conversion is accomplished by use of a height-to-time converter of 
the Wilkinson run-down type. Digital pulse height information from 
each detector is then stored in a 6 bit binary string before being 
read out into the PDP-5 computer. The computer CRT is used for line 
display and information obtained for each event is ultimately stored 
on IBM compatible magnetic tape for further processing with the LRL 
CDC 6600 data processor. 
The system block diagram also indicates points at which test 
pulses are injected to calibrate the electronic response of the eight- 
counter telescope. A Berkeley tail pulser is used for this purpose. 
A dial setting of 0.1 corresponds to a 10 MeV signal. 
handles up to 10 MeV signals for the thin detectors and up to 100 MeV 
signals for the thick detectors. The photomultiplier also has a test 
input to allow system checks of its circuits. 
The electronics 

. 
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C .  Circui t  Design 
1. Preamplifiers 
The preamplifiers,  which are of standard cascode design, are 
shown i n  the  detector  preamplifier (Fig.  111-6) and the phototube 
preamplifier (Fig. 111-7) drawings. 
2 .  Amplifiers and Zom-erters 
Operation of the  amplifier and converter c i r c u i t s  i s  shown 
i n  the block diagram of Fig. 111-8. 
are processed through l i n e a r  amplifiers having 0.2 ps RC pulse shaping. 
The de l eve l  of these s igna ls  i s  clamped using a dc r e s to re r  before 
passing through a l i n e a r  gate t o  the height-to-time converter. 
ve r t e r  transforms the pulse t o  a t i m e  width t h a t  is  proportional t o  
the  amplitude of the pulse.  
sponds t o  a maximum width of  1 2  psec. 
vers ion of the Wilkinson c i r cu i t  used i n  the Berkeley ADC. 
Signals from the  preamplifiers 
The con- 
A maximum s igna l  amplitude of 8 vo l t s  corre- 
The HTTC i s  a simplified 
3 .  Dual Binary Output 
The time pulse from the HTTC opens the input gate t o  the 6 
b i t  counter and simultaneously t r i gge r s  a 15 ps pulse i n  the encoding 
t i m e r  which i s  used to  turn on the gated o s c i l l a t o r .  This r e s u l t s  i n  
encoding the detector  pulse into one of 64 possible l eve l s .  
encoded s igna ls  are retained i n  6 b i t  counters u n t i l  e i t h e r  read out 
i s  completed o r  the  expiration of  a 1 m s  re ta ining pulse occurs, 
The 
whichever takes place f i r s t .  
binary output block diagram (Fig. 111-9). 
These operations are indicated on the  
4 .  Input Control Board 
Selection of acceptable pulses t o  be andyzed is  determined 
by the log ic  included i n  the input and output control circuits. The . 
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block diagram f o r  the input control board i s  shown i n  Fig. 111-10. 
Amplifier outputs from t h e  f i r s t  two detectors a re  converted i n t o  two 
50 ns t i m e  pulses which are connected i n  coincidence. If no i n h i b i t  
pulse from the 15 ps encoding s ignal  or  the  1 m s  read-out re ta in ing  
s igna l  i s  present,  an input control s ignal ,  which i s  8 0.5 ps pulse, 
i s  generated. This s igna l  opens the  i i n e a r  gates  and a l s o  goes t o  the  
output control board. The 50 ns pulse from discriminator 2 i s  applied 
t o  a coincident c i r c u i t  on the output control board which a l s o  i s  
connected t o  the phototube discriminator output. 
5 .  Output Control Board 
Figure 111-11 i s  a block diagram of the output control board. 
An anticoincidence pulse from the phototube i s  generated i n  unless 
a s igna l  i s  simultaneously produced i n  the  eighth de tec tor .  If a s igna l  
i s  simultaneously produced i n  the f i rs t  3 detectors  and no ant icoinci-  
dence pulse i s  generated, the  encoding begins and the event i s  considered 
acceptable. I n  t h i s  event the 1 m s  read-out s ignal  i s  a l s o  generated. 
I n  the event t h a t  the s igna l  i s  not  acceptable i n  the  previously s ta ted  
sense, a 1 5  ps pulse rese ts  the f l ip - f lops  and the height-to-time con- 
v e r t e r  c i r c u i t s .  This gate  i s  t r iggered a t  the end of the 0.5 ps input 
control  s igna l .  When the  encoding i s  completed at  the end of 15 ps a 
f l a g  s ignal  i s  sent  t o  the computer t o  indicate  the readiness f o r  
read-out of the  b inar ies .  The read-out i s  accomplished i n  increments 
of 12 b i t s  o r  one pair of 6 b i t  counters a t  a time. 
first read-out, a complete signal from the  computer advances the 
A t  the end of the  
read-out, one s t ep  a t  a t i m e ,  as determined by the s ta te  of the 2 b i t  
counter on the output control card. Thus, four such read cycles a re  
required t o  read out  each acceptable event. 
r o d  i i o: I. 
4 
- 
. .  
Ip 
0 
H 
H 
H 
M 
.d 
r;' 
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n 
t 
I 
i n  
A i 
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During encoding, read-out and r e se t  times, the  s ignals  from the 
f i rs t  two discriminators are inhibited and hence the l i n e a r  gates  remain 
closed. 
being generated. A l l  the digital. s ignals  t o  and from the converter 
pass through the interface card. This allows the conversion of the 
log ic  leve ls  of the converter (t3,O) t o  the log ic  leve ls  of the storage 
device and vice versa.  
This i n h i b i t  signal. also prevents anticoincidence s ignals  from 
6 .  Subsequent Development 
As no r e s t r i c t ions  were placed on the s i ze  or power consumption 
of t h i s  u n i t ,  no extensive e f fo r t  w a s  expended on keeping the s ize  
s m a l l  o r  the power consumption low. 
by use of linear integrated c i r cu i t s  f o r  some of the amplif ier  s tages .  
This may cost  some i n  power, however ( e  .g . the Sylvania SA 20 Video 
Amplifier has an 18 m a  standing current dra in  while each d iscre te  
amplif ier  used i n  the design has about 5 m a ) .  
Reduction i n  s i z e  could be obtained 
While low power RTL p Logic w a s  used i n  design of the 6 b i t  counters 
MOST l og ic  c i r c u i t s  would reduce both the power and s ize  requirements of 
these 6 b i t  counters. 
design of the output control card. 
low power RTL, o r  with some redesign t o  MOST log ic .  
Further, normal medium power RTL was used i n  the 
This could readi ly  be converted t o  
? 
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D. 
The recorded data consists of a s e t  of e ight  pulse heights f o r  
Analysis of Pulse Height Data 
each event. 
i n  each counter. This  energy has an uncertainty which i s  the corresponding 
b i n  width. The analysis  consists of asking what i s  the probabi l i ty  a 
given p a r t i c i e  wouid produce the observed set  of pulses.  'The energy 
loss  d i s t r ibu t ion  produced when a p a r t i c l e  passes through matter i s  y e l l  
known. For t h i n  absorbers it i s  the Vavilov d i s t r ibu t ion .  
For th ick  absorbers and l a rge  energy losses  the d i s t r ibu t ion  has been 
studied recent ly  by Tschalar .2J3 Experimental ve r i f i ca t ion  i n  
the  Vavilov region w a s  done by Maccabee. 
computer codes t o  evaluate these d is t r ibu t ions .  The important f a c t  
here i s  t h a t  the r e su l t an t  d i s t r ibu t ion  depends on a p a r t i c l e ' s  mass, 
charge and energy i n  addition t o  the thickness of the  absorber through 
which it passes. 
These pulse heights t e l l  us the energy which w a s  deposited 
1 
We have produced 4 
The probabi l i ty  a cer ta in  p a r t i c l e  caused an event i s  the product 
of the probabi l i t i es  of producing the observed pulse i n  each counter. 
The probabi l i ty  a pa r t i c l e  produced the pu lse  i n  a counter i s  the 
i n t e g r a l  of the energy loss dis t r ibu t ion  function over the b in  width 
of t h a t  counter. The probabili ty i s  then maximized with respect t o  
the  incoming par t ic le 's  energy. Thus, analysis  by t h i s  method provides 
us with a probabi l i ty  t h a t  each pa r t i c l e  of energy E caused the event. 
Monte Carlo calculations with approximately the  above counter 
configuration have shown pa r t i c l e  i den t i f i ca t ion  t o  be ce r t a in  t o  one 
part i n  10 4 over the following energy ranges. 
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Lower L i m i t  Upper L i m i t  
4 
3 
He 
He 
D 
P 
50 
45 
20 
20 
15 
7 
The energy resolution w a s  seen t o  be b e t t e r  than 1 percent. 
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E. Performance of Laboratory Prototype 
Operational checks of t he  counter are i n  progress and o w  r e s u l t s  
We have taken da ta  on the performance of t he  counter are preliminary. 
with the  prototype counter using a momentum analyzed beam of protons 
a t  the LRL 184" cyclotron. 
emuisions were exposed to ca l ibra te  the energy of  the b e m .  
s h a l l  use the known beam t o  ca l ibra te  the counter. Calibration consis ts  
of accurately defining the  counter thickness and a l s o  the ac t ive  layer  
thickness of each counter. 
Several energies were used and nuclear 
Thus we 
An option i n  the program which records the pulses f o r  each event 
provides us with an oscilloscope display of the energy d i s t r ibu t ion  i n  
each counter. These displays were photographed at various energy 
s e t t i n g s .  
protons a t  25 and 37.7 MeV a r e  shown i n  Fig. 111-12. 
features of i n t e r e s t  i n  these d is t r ibu t ions .  
The energy d is t r ibu t ions  i n  counters 1-4 f o r  incoming 
There are several  
1. Counters 1 and 2 c lear ly  show the counters'  s e n s i t i v i t y  
decrease i n  dE/dx w i t h  energy 
The s h i f t  of the  energy peak from counter 3 t o  counter 4 2. 
as the energy increases i s  shown. 
The width of the d i s t r ibu t ion  i n  the f igure i s  due mainly t o  a 3-5 percent 
spread i n  the incoming proton energies.  
conjunction with the emulsion d a t a  t o  determine the dead l aye r  thick-  
nesses and thus ca l ib ra t e  the  th ick  counters. The ca l ibra t ion  process 
consis ts  of finding the act ive area thickness which give consistent r e s u l t s  
for a l l  the various energies used i n  theexposure. 
These events are being used i n  
The two leading th in  counters have been accurately measured and 
-34- 
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found t o  be 323 ?r 3p thick.  The corresponding energy d i s t r ibu t ion  
data tapes were generated and used i n  the program which calculates  
the e a r l i e r  mentioned probabi l i ty  o r  Likelihood Function. 
two t h i n  counters alone energies could be determined t o  the order of LO 
percent.  
t.he energy dete,misatlon k511 be qui te  accurate when a11 e ight  counters 
are used. 
t o  pa r t i c l e s  other  than protons. 
of t h i s  t e s t .  
Using these 
It i s  c l ea r  even a t  t h i s  ea r ly  s tage i n  the  analysis  t h a t  
I n  ea r ly  May we have 184" cyclotron t i m e  reserved t o  expose 
A fur ther  report  w i l l  present the  r e s u l t s  
-36- 
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IV. REQUIREMENTS FOR A FLIGHT EXPERIMENT, AAP MISSION 
A. Geometry 
The trapped radiation in the South Atlantic anomaly is localized in 
a plane, the normal of which is the earth's magnetic field vector. 
illustrated in Fig.=-1, the directional flux of energetic protons is 
asymmetric in the mirror piane. 
earth-orbit experiment would be to measure this particle (east-west) 
asymmetry. 
As 
One of t h e  obJectives of a low-altLtude, 
An obvious and direct method fo r  measuring the east-west asymmetry 
is through the use of one or two pairs of particle detectors. 
counters would be of the particle identifier type, but mass identification 
would be required on a single pair only. 
measurements should be maintained, however, for redundancy and back-up 
when long duration missions are to be considered. 
The 
The capability for mass 
Figure I V - 1  illustrates a typical experimental geometry. Shown 
are two pairs of counters, diametrically opposed, with a 90' separation 
between the pairs. The counters are located such that when all are in 
the mirror plane of particles, the narrow axis of the entrance slit is 
along 3. 
To deduce the spatial orientation of the counters during periods 
of data acquisition will require 3-coordinate magnetometer data, indicated 
by the field components Bx, B 
location of the spacecraft. 
and BZ, Fig. IV-1, and the geographic 
Y) 
B. Orientation 
Because of their narrow pitch angle distribution, trapped particles 
will be detected only when the x and/or y axes are 2 30' from the 
particles mirror plane. b The detectors therefore need be sensitive to 
is B 
. *  / / Entrance1 
X Sl i t  I 
Fig. I V - 1 .  T:)'pi c d  experimental geometrg 
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radiation when this condition is met. Specifically, counting data 
would be taken when: 
N 
> COS 30' = 0.866 Z 
B 
4 All counters will be 
within 30 of mirror 
plane 
0 
Counters on y (o r  x) 
axis will be within 
30 of mirror plane. 
x (or y) axis counters 
will point along B. 
0 
+ 
Orientation a) would allow measurements of pitch-angle distributions, 
particle asymmetries and flux. 
and asymmetry measurements normal to, and parallel to, the magnetic field, 
Orientation b) would permit particle flux 
3. 
since trapped particles will not have velocities parallel to B. 
The latter measurement would determine the background count-rate 
-) 
Pitch 
angle distributions would not be measured in b). 
The specific location and orientation of the counter array in the 
Apollo spacecraft, e.g. the orbital workshop, need not be specified at 
the present time. However, there are some general guidelines that 
can be stated. For long duration missions, and in particular, when the 
workshop is not occupied by the scientist-astronauts, we may assume 
that a) the spacecraft will be randomly oriented, and b) the spacecraft 
establishes itself in a gravity gradient mode. In case a) the orientation 
of the plane of the counter array with respect to the spacecraft axes 
is arbitrary, subject to the condition that all counters have an 
unobstructed field-of-view, i . e .  C 10 by k 30 . 0 0 In case b) gravity- 
gradient orientation would require that the counter-plane be tilted 
-40- 
0 approximately 45 
t h a t  the d i p  angle, I of t he  rragnetic f i e l d  vector i n  the South Atlant ic  
anomaly i s  about 45' (I va r i e s  from 30' t o  60' i n  the region where 
trapped rad ia t ion  i s  de tec ted) .  
f l i g h t  experiment must take i n t o  account the proposed o r b i t ,  a t t i t u d e  
control ,  o r  lack of it, the  semi-stable a t t i t u d e  i i ra t  m y  be estz5l ished 
during extended periods of uncontrolled or ien ta t ion ,  and what the  motion 
of  the pr incipal  axes of the spacecraft might be under these conditions. 
with respect t o  the  gradient axis, owing t o  the  f a c t  
It i s  c lear  t h a t  the in tegra t ion  of a 
We have a l so  looked i n t o  the  p o s s i b i l i t y  f o r  or ien t ing  the  experi- 
mental package v i a  a magnetically oriented probe. 
f ixed zenith d i rec t ion  i n  the  spacecraft frame of reference, t h i s  probe 
will automatically e s t ab l i sh  the preferred or ien ta t ion  f o r  the s-16 
experiment. A description of the method i s  as follows: 
If u t i l i z e d  with a 
For def ini teness ,  we sha l l  assume t h a t  the probe w i l l  be pa r t  of 
4 
an a i r lock  t h a t  w i l l  be pointed along the l o c a l  v e r t i c a l ,  z (see Fig.  I V - 2 ) .  
May we f i r s t  note t h a t  o r ien ta t ion  and determination of or ien ta t ion  by 
use of magnetometers have been successfully used i n  both sounding rocket 
and balloon appl icat ions .1J2'3 A t  t h i s  time a system using magnetometer 
control led gas j e t s  t o  o r i en t  a balloon gondola i s  current ly  under 
construction here a t  the  UC Space Sciences Laboratory. 4 
The method of or ien ta t ion  we a r e  considering here uses the s igna ls  
from two magnetometers mounted on the  experimental package t o  dr ive 
servo motors which r o t a t e  the  experiment t o  the  required or ien ta t ion .  
A Geiger-Miiller tube is  used t o  ac t iva t e  and deact ivate  the mechanism 
upon en t ry  and e x i t  of the South Atlant ic  anomaly region. 
mental configuration i s  shown i n  Figs .  IV-3a,b. 
The experi- 
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Zenith 
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I t 
ZENITH 
f 
(1 
A 
Fig. IV-3a. Scliernstic of' a ma,gneto- 
meter-controlled platform. Alignment i, 
acliieved wl!eii torques aDout 2 and 
13 X z axes are n i t l l .  Zeniti- directiori  
held b;. s a t e l l i t e  a t t i t u d e .  
313. Detail of rs' Y 2 proije. 
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4 
Nulling the magnetometers mounted along the x and Taxes places the 
3 
counter array in orientation with B perpendicular to the counter plane 
and places the x-axis along B X z, the required orientation. -3 - - f +  
Electronics: A schematic of the servo circuit and a block diagram 
of the triggering circuitry are shown in Fig. IV-4 .  
ticmeters on the shafts provide the signal to return the unit to initial 
configuration when not in the anomaly. 
the airlock and also prevents any possible complete rotations of the 
apparatus. 
The servo-poten- 
This provides for retrieval through 
Standby power of 1 watt is required to keep the GM tube sensitive 
to the increase in radiation which designates the anomaly region. 
standby power could be discontinued when experiment is not going to be 
done, thus lowering power consumption. Total power consumption is 
estimated to be from 0.15 to 0.4 kilowatt hours. 
This 
* 
* 
Lower figure assumes a standby of only 6 hours per day, larger is on 
entire flight. 
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C .  
The instrument diagrammatically shown i n  Fig. I V - 5  consis ts  of a 
Fl ight  Unit and Telemetry Requirements 
so l id  s t a t e  counter telescope surrounded by a p l a s t i c  f l u o r  a n t i -  
coincidence detector .  Collimation i s  provided by the te lescope-plast ic  
f l u o r  geometry and electronic  logic c i r c u i t r y  t h a t  s e l ec t s  only 
pa r t i c l e s  t h a t  deposit energy i n  the f i r s t  two so l id-s ta te  de tec tors ,  
S 
s t a t e  detectors ,  S -S The geometry defines entrance angles 6' 
by * 17'. 
and S2, i n  time coincidence with one or more of the remaining so l id  1 
3 8' 
Dimensions are  4" x 6" x 8". Weight is about 20 pounds. 
Shielding i s  provided by 15 g/cm2 of lead or tungsten surrounding 
the p l a s t i c  f luor  and by a 1.8 g/crn2 aluminum absorber i n  f ron t  of the 
f i r s t  so l id  s t a t e  detector .  The l a t t e r  provides shielding against  
t he  bulk of e lectron f lux  below 3 MeV energy and produces r e l a t ive ly  
l i t t l e  bremmstrahlung. 
and the r e l a t ive ly  high bias se t t ing  (500 keV), s e n s i t i v i t y  of the two 
Due t o  the t h i n  depletion layer  (- 300 microns) 
f ron t  detectors  t o  minimum ionizing electrons and bremmstrahlung i s  
very s m a l l .  The main purpose of the f ron t  aluminum shielding i s  t o  
avoid s ignal  pile-up i n  the f i r s t  so l id  s t a t e  detector  resu l t ing  from 
the f a i r l y  high flux of low energy electrons expected a t  low L values.  
The t h i n  detectors S and S2 are surface junction so l id  s t a t e  1 
detec tors  which a re  3OOp thick.  S -S a re  l i thium d r i f t e d  so l id  state 
de tec tors  each having a depletion thickness of 3 mm and dead layer  
thickness of about 5OOp. 
3 8  
Sa l i en t  Characterist ics of the F l igh t  Instrument 
The S-16 par t i c l e  telescope possesses the following charac te r i s t ics :  
2 geometric fac tor  - 1 .5  (cm s t e r  MeV) 
-46 - 
, 
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energy resolution - 2 MeV 
pitch angular resolution - (I = 5 8/J12 = k 3.5', where 
0 8 = 12 rectangular opening 
response time - N 0.01 millisec/event 
dynamic range - 105 - 10 
isotopic separatior, - - 0.1 percent 
charge separation - - 0.001 percent 
lower sensitivity limit - N 0.2 prot/cm2 ster MeV sec 
6 
anticipated background rate - 0.1 cps 
Low cosmic ray and electron background count rates are achieved 
by use of lead (tungsten) side shielding and aluminum front shielding 
for electrons, and an anti-coincidence fluor on the sides. The smallest 
proton signal expected is about 3 times that for minimum ionizing 
particles so that counts from cosmic ray particles entering the front 
and back faces of the instrument are largely rejected by electronic 
biasing. 
Weight and dimensions: Weight of the instrument, shielding, and 
electronics is 15 to 20 lbs. 
linear dimensions or its rectangular equivalent is required for the 
electronic logic circuitry. Location of the latter should be within 
about 2 feet of the main instrument. 
In addition a cubical volume of 6 inch 
Power requirements: Power consumption for the instrument is 
approximately 10 watts. 
Maximum supply voltage should not exceed 32 volts. 
Maximum count rates in the neighborhood of 1000 counts/sec are 
expected in the anomaly. This corresponds to a maximum data acquisition 
The minimum supply voltage required is 24 volts. 
I 
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r a t e  of about 64 k i lob i t s / sec  for  each counter. 
flown, the maximum data acquis i t ion r a t e  i s  about 250 k i lob i t s / sec .  It 
would be desirable  but probably not  p rac t i ca l  t o  telemeter a t  t h i s  very 
high b i t  r a t e .  
If four  counters are 
If the data a re  stored on magnetic tape and then telemetered 
continuously the b i t  rate transmission may be reduced “uy a f ac to r  ef 
about 20 t o  about 12 ki lobi ts /sec which is  a more reasonable value. 
This would require on-board buffer  storage of about e ight  ki locharacters  
comprising 16 b i t  words and a tape t ransport  having an acquis i t ion  r a t e  
of about 16 kilocharacters  per second, i f  two counters a r e  flown. 
the  basis of t h i s  acquis i t ion rate ,  and the capacity of presently 
availahle IBM compatible tapes ,  each tape would have t o  be read out 
a t  a frequency not l e s s  than once a day. 
On 
-49- 
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V. INTERCOMPARISON OF GEOMAGNETIC FIELDS 
A final, and important, part of this study was the intercomparison 
of the several geomagnetic field models now available. 
s-16 experiment employed the use of a computed field direction in order 
to program the spacecraft attitude as a function of geographic 
coordinates. 
model gave the best fit to surface and satellite field measurements 
as to magnitude and temporal changes. 
of the field can be accurately calculated to +1 uncertainty. 
The original 
We found in this study that the latest ZSX (i2/66> field 
We believe the vector directions 
0 
A result of this work was the following paper, titled "B-L Space 
and Geomagnetic Field Models", to be published in Journal of Geo- 
physical Research, June 1, 1968. 
* 
B-L SPACE AND GMIMAGNETIC FIELD MODECS 
. Peter  J. Lind'strom 
Space Sciences Laboratory 
University of Cal i forn ia  
Berkeley, Cal i forn ia  
and 
Harry H .  lIeckman 
Lawrence Rwl. iat i on TJaborai;ory 
Berkeley, Cal i forn ia  
University of Cal i forn ia  
September 19, 1967 
ABSTRACT 
We have intercompared geomagnetic f i e ld  models i n  B-L space for 
0.20 < B < 0.24 gauss and 1.2 < L < 1.8 Re (ear th  radii) .  Three 
f ie ld  models were selected because of t h e i r  general  usage i n  the  
L -  - -  
analys@ 'of trapped rad ia t ion  data: 
Jensen and Cain (48 coef f ic ien t ) ;  GSFC (9/65)(99 coe f f i c i en t ) .  
models were compared with the  CSPC (12/66) f ie ld  model (120 coe f f i c i en t ) .  
Jensen and Whitaker (569 coef f ic ien t ) ;  . '. 
These 
The geographic coordinates of constant B-L t r aces  were computed using 
the GSFC (12/66) f ie ld  i n  both the  southern and northern hemispheres. 
A t  each geographical point along t h e  t r aces  thus defined, B and L 
values were reca lcu la ted  using d i f f e r e n t  geomagnettc f ie ld  lnodels. Wc 
f i n d  t h a t  var ia t ions  i n  B-L space of the  48- and 56g-coefficient models 
with respect  t o  the 120-coefficient model a r e  great enough to cause 
s i g n i f i c a n t  ambigu:it.i.es i n  f l u x  contours of t h e  trapped rac?iatiou. \*!e 
also have exosnjncd the  effects of temporal variations of the GeorcaSnetic 
field on B-L space. The uncertainties in the proton flux contours in 
B-L space caused by errors in the field models and time variations of 
the geomngnetic field demonstrate the need for caref’ul reevaluation of 
existing data that pertain to possible time variations of inner-belt 
protons. 
undertake such reevaluation. 
The GSFC (12/66) appears to be sufficiently accurate to 
i 
I 
i 
I 
I .r 
I 
-1 - 
INTRODUCTION 
Since i t s  inception, B-L space has been used extensively i n  
t h e  study of rad ia t ion  trapped i n  t h e  e a r t h ' s  magnetic f i e l d .  
space is a two-dimensional, longitude and hemisphere independent, 
B-L 
coordinate system, developed by McIiwah, [1$L], ir? r;.k?ich the  
omnidirectional flux of geomqpeticnlly trapped rad ia t ion  can be 
mapped. 
not possess l a rge  azimuthal asymmetries, thereby l imi t ing  i t s  use 
t o  L'; 5 Re i n  t he  geomagnetic f i e l d .  Stone P [1$3] has shown t h a t  
the B-L coordinates fo r  mirroring p a r t i c l e s  accurately r e f l e c t  the  
invar ian t  s h e l l s  (I, Bm) describing the  ad iaba t ic  invar ian ts  of 
charged p a r t i c l e  motion [Northrop and Te l l e r ,  1901. , Theore t i cd ly ,  
p a r t i c l e  f lux measurements may be reduced and compared accurately 
i n  B-L space. However, a geomagnetic f i e l d  model must be used i n  the  
ca lcu la t ion  of B and L, and e r ro r s  dependent on the model can be s i g n i f i -  
The B-L coordinate system i s  appl icable  t o  f i e l d s  t h a t  do 
cant .  
does not  accurately describe the e a r t h ' s  magnetic f i e l d ,  then a r e d  
mirror p o i n t  t r a j e c t o r y  w i l l  not be represented by n polnt i n  B-L 
space. Flux mapping i n  such a poorly defined B-L coordjnnte system 
woulk depend on the longitude and the  hemisphere where the  data were 
obtained, and the  u t i l i t y  of such a B-L system would break down i n  
regions of s t eep  f lux  gradients .  
measured p a r t i c l e  f luxes i n  B-L space, it i s  necessary t o  know the 
va r i a t ions  which could be i ntroduccd by the gencraLing ceornagne Lic 
f i e l d  model. 
If the  geomagnetic f i e l d  model used i n  ca lcu la t ing  €3 and L 
I n  order t o  study var ia t ions  of 
A nunibcr of geomagnetic f i c l d  moclcls are avai lable  for  the  
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ca lcu la t ion  of B and L v d u e s .  
f i e l d  mode1.s f o r  t he  present study: 
We have selected the following four 
1. The Jensen and Whitaker 569-coefficient spherical-harmonic 
expansion model ( J W )  [Jensen and krh i t ake r ,  1960, Dudziak, e t  al., 19633; 
2. The Jensen and Cain 48-coeff ic ient  model ( J C )  [Jensen and 
_I_ Cain, 19621; 
3. The GSFC (9/65) 99-coeff ic ient  model [Hendricks and Cain-, 
1966 3 ; 
4. The GSFC (12/66) 120-coefficient model [Cain e t  a l ; ,  1967aI 
We chose the f i r s t  th ree  f i e l d  models because of t h e i r  use i n  the  
analyses  of trapped-radiation da tu .  The J W  modcl, for  instance,  
was used i n  the reduction of the Explorer I+ flux d a t a  [McSlwcltn -> 13611. 
The J C  model is  considered t o  be the  standard f i e l d  model for  the  
in t e rp re t a t ion  of t rapped-par t ic le  da t a  [Walt, .__ 13661. Both the  JW and 
and J C  models are s t a t i c ,  constructed t o  represent  t h e  geomagnetic f i e l d  
i n  1955 and 1.960 respec t ive ly .  The GSFC (9/65) model contains f i r s t -  
t i m e  der iva t ives  i n  the  f irst  48 coe f f i c i en t s  and is  more accurate  
than t he  JW and J C  models [Hendricks and Cain, 19661. 
f i e l d  i s  the  l a tes t  f i e l d  model, and was constructed from OGO-2 
l!he GSFC (12/66) 
satel l i te  magnetic-field measurements as w e l l  as thc da ta  used i n  the 
' construction of CSPC (9/65). The GSFC (12/6G) contains  both f i r s t -  
arid second-time dc r iva t lves  i n  a l l  i t s  c o e f f i c i e n t s .  Actucilly, there  
are two sets  of coe f f i c i en t s  labeled GSFC (12/66) -- S c t s  I and 11. 
samples of thc salic d a t a .  Wc h:wc chosen a~.bitrnt-iJ .y t o  mc S c t  I for 
our study.  
3 
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We' have l imi t ed ,  our study to the  regLon i n  'B-L space bourdcd by 
0.20 < B < 0.24 gauss and 1.2 Y - -  L < 1.8 Re (ear th  r a d i i ) .  The lower - -  
por t ion  of the  inner  r ad ia t ion  belt i s  contained i n  t h i s  i n t e r v a l  of B-L 
values. The gradient  of the  trapped-particle fl& i s  l a r g e  along B i n  t h i s  
region [Valerio, 1g641, and s m a l l  e r r o r s  i n  the computation of B can 
r ecu l t  i n  s i g n i f i c a n t  e r r o r s  in t h e  cnl.cul.atc!d purtlcllc f lux .  I n  t h i s  R-L 
reelon, ion iza t ion  and nuclear co l l i s ion  i n  the  atmosphere are the  dominant 
p a r t i c l e  loss mechanisms. The so lar  cycle changes i n  the  atmosphere w i l l  
a f f e c t  changes i n  p a r t i c l e  loss  rates, and, hence, p a r t i c l e  fluxes. 
v a l i d  observation of such changes i n  t h e  p a r t i c l e  flux and loss  rates with 
Any 
respect t o  the  s o l a r  cycle must c l ea r ly  take account of the  accuracy of the  
flux representat ions.  
Cain, e t  al. [l965, 1966, l967a, b]  have made d i r e c t  comparisons of the 
JC, GSFC (9/65) arid GSFC (12/GG) f i e l d  models with the  e a r t h ' s  magnetic f ie ld  
over  a l l  longi tudes and l a t i t u d e s .  
t h a t  the  best current  model of the main geomqnet-ic f i e l d  is the  GSFC (12/66). 
It i s  concluded by Cain, e t  a].. , C1.967) 
Excluding OGO-2 satel l i te  data, t h i s  model f i t s  t h e  mqnet.ic survey measure- 
ments t o  an accuracy of a = 5 1227, (17 = gauss) where a i s  t h e  
standard deviat ion of t h e  res idua ls  of a random lo$ of a l l  survey observations 
( s ince  1900). 
(9/65),and J C  models, a = 5 2207 and -F 4407, [Caim 
ever ,  when a sewrate d i s t r ibu t ion  of the rcsidudLs i s  calculated foy the 
This r e s u l t  is t o  be compared with the  accuracies of the  GSFC 
13661, respect ively.  How- -, 
N O - 2  data;  Cain e t  a l .  [1967a] f i n d  t h a t  the  GSFC (12/66) f i e l d  reproduces 
t h e  030-2 da ta  t o  CI = -1- ll.77. 
t i es  fo r  systematic errors i n  t h e  s a t e l l i t e  da t a  of the order 10-207, Ccin 
et; a l .  [1967a] f in t r l ly  conclude t h a t  the surface field js  p?.obably no further 
Cognizant of the  f a c t  t h a t  t h e m  are p o s s i b i l i -  
i n  e r r o r  than a fcv t e n s  of gairmnias. 
O f  p a r t i c u l a r  relevance t o  tlic tlnc-tly::is of par-tic3.c c1at.a i s  the  
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character of the geomagnetic f i e l d  i n  the  South Al;lentic anonsly. 
me anomaly i s  not only the  s i te  of l a rge  p a r t i c l e  flux graaients ,  
bu t  a l so  i s  the region where the  r e l a t i v e  var ia t ions  of the  selected 
geomagnetic f i e l d  models a r e  e r e a t e s t .  For t h i s  reason, w e  examined 
t h i s  spec i f ic  region f o r  intercomparing the four f i e l d  models within 
the  range of B-L values we a r e  considering. We obtained from the 
U .  S.  Coast ana Geodetic Survey magnetic-field measurements taken i n  
the region of the  South Atlant ic  anomaly (-6o0 t o  Oo longitude, 
-45' t o  -15' l a t i t u d e )  f o r  the  period 1900-1$5. 
measurements were included i n  the  s e t .  
OGO-2 s a t e l l i t e  
Computed vnlues of the  geo- 
magnetic f i e l d ,  B, were compared with the  survey da ta  points  f o r  each 
f i e l d  model. The mean difference and standard devlat ion from the  
mean were computed f o r  the  following periods: 
a )  1300 through 1963, 
b )  1955 through 1963, and 
c )  1965. 
The r e su l t s  appear i n  Table I. 
Because we a re  concerned here with the  r e l a t i v e  accuracies of t h e  
models, we d id  not weight the  U. S .  Coast and Geodetic Survey d a t a  with 
respect  t o  r e l i a b i l i t y  of the types of geomqnct lc  field measurements, 
nor dZd we invoke a r e j ec t ion  l e v e l  t o  e l iminate  anomalously h i @  
deviat ions i n  thc da ta .  
W ? C  (12/66) models descr ibe the anomaly region equal1.y well .  
1900 through lS3 CSFC (12/66) i s  the best model, a n d  t h c  iinportnncc 
of the second tirrlc d c r . i v a t i v c s  i n  the coeff ic ients  i s  clcnrly cv.i.cient. 
We conclude, thcrcf'orc, tha-L the GSF'C (1.2/6G) field ~:!oc?cl e x h i b i t s  
the hichest accuracy of the sevcru.l 1noil.cl.s stuci-iccl. w i t h  i.n t i i c  anomctly 
For 1955 through 1.363, the GSlX (9/G',) aid 
For 
c 
. 
J 
t 
l -  
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region. Not unexpectedly, the  r e s u l t s  tabulated i n  Table I confirm 
t h e  general  conclusions of Cain, e t  al. [l$-(a] 
The above comparisons of the e r r o r s  i n  the magnitude of the  
geomagnetic f i e l d  are not,  howevhr, a s u f f i c i e n t  measure of the model- 
dependent e r r o r s  i n  B-L space. Since a point i n  B-L space represents  
the t r d e c t o r y  of the mirror points of a p a r t i c l e  trapped i n  the  
geomagnetic f i e l d ,  it i s  necessary t o  compare the geomagnetic f i e l d  
models over comp1ei;'e B-L t r aces  t o  reveal the d i f fe rences  t h a t  may ex is t  
between f i e l d  models. 
se lec ted  the  GSFC (12/66) f i e l d  model as the reference f i e l d  with which the  
On the bas i s  of the above discussion,  w e  have 
o the r  models were compred. We have made t h i s  comparison by (a )  ca l -  
cu la t ing  the  geographic coordinates a t  var ious longitudes for a given 
point i n  13-L space i n  the  northern and southern hemispheres, as 
defined by the GSFC (12/66) model, and ( b )  ca lcu la t ing  B and L values 
for these pa r t i cu la r  geographic coordinates QS computccl by thc other  
spherical-harmonic f i e l d  expansions. 
By performing s t e p  (b)  with the  GSFC (12/66), t h e  d l f fe renccs  
between the  given B-L t r ace  and that; derived i n  ( b )  can be a t t r i b u t a b l e  
t o  computational errors only.  
i n  t h i s  procedure i s  5 107 i n  I3 and t- 0.0005 Re i n  L. 
We f ind  t h a t  the maximum computational e r r o r  
These e r r o r s  
correspond t o  a 1-2 kilometer maximum e r r o r  i n  l oca t ing  Geographic 
coordinates given prefjxed values of B and L.  
ME?? IO D 
UsinG the G S I V  (12/66) f i e l d  ItloclcI, wc ca7.c~d.utcd s e t s  oC gen- 
' graphic coordinates of B-L traccs for I3 valucs or 0.20 t o  0.2h GEIQSS 
i n  step:, of 0.01 gauss and L vuIucs  of 1.2 to 1.8 R~ in  e 5 c . l ~  of 0.2 H . e 
c 
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We generated these sets f o r  the  ycars 1955 t o  1975 i n  5-year s t eps  f o r  
both the  northern and southern hemispheres.' The geographic contours 
were calculated for a given B and L value a t  SOo i n t e rva l s  i n  longitude, 
and i n  the  South Atlant ic  anomaly region a t  5 and 2.5 0 i n t e r v a l s .  By 
holding B, L, and longitude constant and searching f o r  the  a l t i t u d e  and 
l a t i t u d e ,  we located geographic coordinates of a B-L t r a c e  with a 
va r i a t ion  of the  computer program SIIELL [Roedercr and He&, 19661. For 
t he  computation of B and L we used the computer program INVAR,  expanding 
the  subroutine NEWMAG t o  handle the J W  coe f f i c i en t s  [Mcl'lwatn, XNGl. 
Given the geographic coordinates computed for the  s e t s  of 13-1, t r aces  
defined by t h e  GSIT (12/66) mcdel, w e  calculated ncw R and L values 
I 
using o ther  f i e l d  models. We have compared the J W  and J C  
f ie lds  w i t h  t h e  CSFC (12/66) model, both for t h e  years they reprcsent  
(1955 f o r  J W ,  1960 fo r  J C )  and f o r  t e n  years l a t e r ;  and GSFC (9/65) 
with GSFC (12/66) for  1955, l$5, and 19'15. We used GSFC (12/66) for 1365 
as the  reference f i e l d  fo r  an examination of t b c  time dependcnce of the 
geomagnetic f i c l d  . 
RESULTS 
Using the method described above, w e  made 560 comparisons between 
. 
m a d e  because the re  
space generated by 
space generated by 
-7-, 
i s  no function t h a t  w i l l  t r a n s f e r  a poTn2; i n  B-L 
one geomagnetic f i e l d  model i n t o  a po in t  i n  B-T, 
another f i e l d  m o d e l ,  unless  the longitude and 
hemisphere are known. I n  other word.s, f lux contours i n  B-L apace 
cannot be corrected f o r  model-dependent e r r o r s  wi thoa t  knowin;l: v k r e  the 
d a t a  were collec-bed. 
proton f l u x  contours from INJUN 3 [Val-erio 
' i nd ica t e  the possible  range of f lux values t h a t  can be assigned t o  the  
same B-L poin t .  
L e t  us  consider a spec i f ic  example. 
The f lux  contours i n  Fig. 1 are 40 t o  110-MeV 
19641 and are given t o  
--J 
Assuming tht the  IRJUN 3 
flux contours accurately r e f l ec t  the shape of the  proton f lux i n  the 
Inner rad ia t ion  b e l t ,  then the f l u x  a t  13 = 0.211. gauss, L = I . 4  R 
i s  30 protons/cm2 sec ( fo) .  If proton flux d.ata were collcc-Led i n  the  
southern hemisphere a t  325 longitude and €3-L vcllues were calculated 
using the J C  model, t h e  flux v a l u e  of fo would be asslgricd t o  the 
point  B = 0.235 gauss' L = l.hl R . 
i n  t h e  f lux  contours , t he  "expected" flux value a t  13 = 0.24 gauss, L = 
1 . 4  R 
expertment, f l ux  da ta  were col lected a t  0 longitude i n  the  southern 
hemisphere, then f0 would be at B = 0.21~3 gauss , L = 1.3% R , and the 
f lux conFour would be sh i f ted  (upward) so t h a t  the f l u x  expcctcd a t  
B = 0.21~ gauss,  L = 1.11  R would be 75 prototic/cm oec. 
above C R S C S ,  t he  cipp3rent 1:15 r a t i o  i n  filx values a t  1; = 0.211. CUUSS,  
L = 1 .!I H i s  dut: only to  rc!.ativi' inaccu.raci.e:; i n  thc J C  f ie1.d niodcl. 
W? firid that t h e  13-L contours, such as Fig. 1, chany,:e sl.ovly wi th  
e 
0 
Owing t o  t h i s .  (downward) s h i f t  
e 
2 would be approximately 5 protons/cm sec. If  i n  another f l i g h t  e 
0 
e 
2 
1:n tllr: two e 
e 
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position of t h e  generating B-L point  and can bc considered to be 
constant within AB = k 0.01 gauss and AL = 2 0.05 Re of the gcncrating 
poin t .  
Table I1 gives the  maximum deviat ion i n  B and L fo r  three  examples 
of B-L points f o r  various f ie ld  comparisons. 
GSFC (9/65) with GSFC (12/66) confirms the  concl-usion d r m n  from the  
comparisons of these f i e l d s  wi th  d i r e c t  geomagnetic-field measurements 
In  the  South At lan t ic  anomaly reg:ion -- namely, t h a t  the  two models 
The comparison o€ 
agree qu i t e  w e l l  f o r  1365 bu t  diverge from each o ther  10 years bcfore o r  
after. 
at  tlll B-L points studied i n  both 1960, t he  year the  J C  f i e ld  model 
w a s  generated t o  represent ,  and 10 years later.  
J W  and GSFC (12/66) are even l a r g e r .  
The comparisons between J C  and CSFC (E/&) show large va r i a t ions  
The va r i a t ions  between 
Table I1 also shows t he  range of proton-€lux values as deduced 
from the  I N J U N  3 proton-flux contours, which could be assicncd t o  the  
same B-L point due to  e r r o r s  i n  t h e  geomagnet3.C-field model. We note 
t h a t  t he  flu var ia t ions  caused by e r r o r s  i n  the J W  and J C  f ie lds  are 
comparable t o  the magnitude of flux changes expccted over a solar cycle 
[Blanchard and. Hess, 1$4]. 
-The comparison of GSPC (12/6G) f o r  1$5 with  G W C  (1.2/66) f o r  
1955 arid for 2-975 shows another f a c t o r  which must be tul.;c:n lr i to con- 
s i d e w t i o n  i n  s tud ies  of t h e  temporal changes of the  trapped r ad ia t ion .  
Figure 2 i s  a comparison of GSFC (12/66) f o r  l$5 w ‘ i t h  CSK (12/66) f o r  
1975 a t  B = 0.211 caws, L = 1.4 R . e 
B-L spcce of the same gcogrqh ic  coordiriates ovor a lo-year. period 
shows t h a t  t h e  geomagne t i c  f i e l d  i s  dynanlic. 
The niagnitucic of t h c  ~ ~ ? ~ * i a t ; i o i i  i n  
Trappci  rad i at: on flu 
-9 - 
contours constructed i n  B-L space cah contain s ign i f i can t  e r ro r s  i f  the 
f i e l d  model used does not  represent the geomagnetic f i e l d  ab the  time 
the  da t a  were co l lec ted .  An important f ea tu re  of t h e  t i m e  var ia t ions,  
of the  geomagnetic f i e l d  with respect t o  the  trapped rad-iation is  the  
change i n  a l t i t u d e  of the  same B-L t r ace  i n  the  South Atlant ic  anomaly 
region. 
f o r  1965 and f o r  1975. 
Figure 3 shows t h e  B-L t race  of L = 1.4 Re, B = 0.22 and 0.24 gauss 
Over a 10-year period the  minimum mirror- 
point  a l t i t u d e  a t  L = 1 . 4  .Re, B >'0.20 - gauss decreases about 70 kilometers.  
P a r t i c l e s  mirroring a t  the same B and L values w i l l  experience a denser 
atmosphere i n  1975 than i n  1965.  
L = 1.4 Re and B = 0.23 gauss w i l l  decrease by &bout a f ac to r  of four ,  
and a t  B = 0.211 gauss w i l l  v i r t u a l l y  disappear i n  10 years, independent 
of solar a c t i v i t y .  The problems introduced by the  time dependence of 
minlmum mirror-point a l t i t u d e s  cannot be circumvented by the use of a 
s t a t i c  f i e l d  model because of  the nature of temporal var ia t ions  (Fig.  2 ) .  
The geomagnetic f i e l d  must be t rea ted  as a dynaqic f i e l d  f o r  any long- 
The f l u x  of t r a p w d  rad ia t ion  a t  
range s tudies  and predict ions of trapped rad ia t ion .  
The p lo t s  of the  geo&,gnetic f i e l d  comparisons l i s t e d  i n  Table I1 
are ava i lab le  i n  University of Cal i fornia  Space Sciences Laboratory 
Report Ser ies  8 Issue 69, "B-L Space and Geomagnetic Field Models". 
These p l o t s  can be used i n  converting f lux  da ta  i n  B-1, space defined 
by one gdomagnetic-field model i n t o  B-L space defined by another, 
provided geographic posi t ions of the flux measuiaiicn ts are known. 
CONCLUSION 
Model-depcndcrit errors can cause lnrgc apyrtivnt cliI'i'crr3nc:cs i n  
trapped p a y t i d e  flues i n  B-L space. l'iierc is no slniplc ~ 2 . y  to i;mr?sfo1.!:! 
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B-L points of one field model t o  B-L points  of another f i e l d  model 
without using the geographic coordinates used i n  generating the B-L 
points .  
graphic posit ions of mirror-point t r a j e c t o r i e s .  
Temporal var ia t ions  of the  geomqnetic f i e l d  a l t e r  the geo- 
Since the dominant. 
par t ic le - loss  mechanisms f o r  t he  region of B-L space studied are 
ionization and nuclear co l l i s ion  -in the  atmosphere, any computation of 
loss ra tes ,  l i fe t imes ,  and %emporal changes a f p a r t i c l e s  i n  the  inner 
bel t  strone;Ly depends on the use of an accurate time-dcpcndent geo- 
magnetic-field model. 
space demonstrates t he  need f o r  carefu l  recvnluation of ex i s t i -  d a t a  
t h a t  per ta in  t o  possible time var ia t ions  of inner-bel t  p a r t i c l e  f luxes .  
The range of model-dependent errors i n  B-L 
It is our opinion that the  GSFC (12/66) f i e l d  model may possess 
su f f i c i en t  accuracy t o  warrant its use for generating B-L coordinates 
i n  such reevaluation. However, the  ana lys i s  of p a r t i c l e  flux data i n  
regions of la rge  flux grad.ients requires  accuracies i.n the computed 
values 
accuracy i s  ac tua l ly  a t ta ined  by the GSFC (12/66) model requires  experi-  
mental confirmation. "he intercomparison of the GSFC (1.2/66) f i e l d  with 
the r e su l t s  of the Cosmos 26 and 49 s a t e l l i t e s  i n  the  South Atlant ic  
of B t h a t  a r e  of the order  -+ 110 t o  !joy.. Whether or  not t h i s  
anomaly [Cain, Langel, and Hendrlcks , 196'd glves p a r t i a l  confiri'nation 
f o r  t he  accuracy of "a  f e w  t e n s  of g m a s " . i n  the  GSFC (12/GG) f i e l d .  
. We have shokm t h a t  the  'GSFC (9 /65)  and (12/66) f i e l d  nlode1.s descr ibe 
the gcomngnctic f'~clcl, epoch 1965, i n  t h e  South At1antfc anoin3l.y equa1l.y 
w e l l .  
cxpLulsion pre-dutcs  t h c  OC,O-L? data, yet,, fj.t:; t11c @GO-?. ob:;c'r-vnt~oris j n 
t h c  SouLh At1.mtA.c anorn:il.y i;o an uccuracy 0 -1 ?: 111 . 5 ~  ( 9 ' a b l ~  I). 
We riote, howvcr ,  that t h e  39-cocff ic icnt  GSFC ( 9 / 6 5 )  f i e l d  
-11 - 
Thus, we believe there is evidence that the GSFC (12/66) field 
d e l  describes the geomagEtic field for epoch 1955 to the desired 
accuracy of about 2 507. Improvements in the secular variations of 
the coefficients will, in all probability, require updatix as later 
f i e l d  maaure3er?ts become available. It is therefore essential that 
trapped particle data be readily accessible in their original geographic 
coordinates to allow for any further reevaluation of the data should 
subsequent improvements in t he  Iepresentation of the gccsmwnetic field 
require it. 
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